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PULL-SCALE TESTS OP SEYEEAL PEOPELLEES EQUIPPED WITH 
SPINHERS, CUPF3 , AISPOIL AiTD ROU1TD SHANKS, AND 
HA OA 16-SEEIES SECTIONS 
By David Biermann, Edwin P. Hartman, and Edward Pepper 



SUMMARY 



Wind-tunnel tests of several propeller, cuff, and 
spinner c ombinat i ons were conducted in the 20-foot pro- • 
peller- research tunnel. Three propellers , which ranged 
in diameter from 8.4 to 11.25 feet,' were tested at the 
front end of a streamline "body incorporating spinners of 
two diameters. The tests covered a "blade angle range 
from 20° to 65°. The effect of spinner diametet and pro- 
peller cuffs on the characteristics of one propeller was 
determined. . Tests were also conducted using a propeller 
which incorporated aerodynamically good shank sections! 
and using one which incorporated the NACA 16-series sec- 
tions for the outer 20 percent of the "blades, Compressi- 
"bility effects were not uoasured, owing to the low test- 
ing -speeds . 

The results indicated that a conventional propeller 
was slightly more efficient when tested in conjunction 
with a 28-inch-diameter spinner than with a 23-inch spin** 
iier, and that cuffs increased the efficiency as well as 
the power absorption characteristics. A propeller having 
good aerodynamic shanks was found to "be definitely supe- 
rior from the efficiency standpoint to a conventional 
round-shank propeller, with or without cuffs; this pro- 
peller would probably "be considered structurally imprac- 
ticable, however. The propeller incorporating the HACA 
16-serics sections at the tips was found to have a 
slightly higher efficiency than a conventional propeller? 
the take-off characteristics appeared to be equally good* 

. The effects noted abovo probably would bo accentu- 
ated at helical speeds at which compressibility effects 
would enter. 
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INTRODUCTION 



There arc a number of obvious- methods for improving 
the performance of conventional propellers. Studios of 
propeller losses have indicated that the profile drag of 
the "blade sections is responsible for several- percent loss 
in efficiency at low helical speeds and considerably 
greater losses at speeds beyond the critical. This is 
particularly trxie for the nearly round shank sections. 
The methods available at the present for remedying the 
shank problem consist of: (a) employing a largo spinner 
to house the poor sections, (b) use of cuffs to stream- 
line the blade shanks, and (c) employing good airfoil 
sections for the shanks, which may not be practicable 
owing to strength considerations. Improvements in the 
outer portions of blades require the use of low drag sec- 
tions having high critical .speeds. 

Although there seems to be little doubt that the 
modifications listed will result in some improvement if 
properly carried out, there is little quantitative infor- 
mation on these subjects and consequently there is cer- 
tain hesitancy in adopting them% 

The purpose of this paper is to present the results 
of several miscellaneous propeller tests which embodied 
those methods for improving the efficiency and increasing 
the critical speed. These tests wore made incidental to 
a dual-rotating propeller program (see reference l) and 

employed the same apparatus with the exception of cuffs 
and two additional propellers. In this paper results of 
the following tests are described: 

(a) Two spinner sizes 

(b) Cuffs 

(c) A racing propeller embodying airfoil sh'anks 

(d) A propeller employing HACA 16-sories sections 

at the propeller tips 

Unfortunately, compressibility effects could not be meas- 
ured, owing to the low testing speed; low- speed character- 
istics of devices calculated to increase the critical 
speeds were measured, however, and are of considerable 
interest in assaying the general utility of such devices* 
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High-speed-tunnel test results of airfoil sections and 
basic shapes are available, however,* which can he used 
for determining critical speeds of propeller tips, shanks, 
and cuffs. (See references 2 and 3.) 



APPARATUS AND METHODS 



The tests were made in the NACA 20-foot propeller- 
research tunnel, using the same general testing apparatus 
that was used for testing dual-rotating propellers. . (See 
reference 1.) 

Test set-up .- A sketch and a photograph of the set-up 
are given in figiires 1 and 2, respectively. No wing was 
used for these tests.. The propellers were driven by two 
25-horsepower electric motors arranged in tandem and 
geared tog-ether. The motors were mounted on bearings con- 
centric with the shaft axis and were restrained from ro- 
tating by helical springs connecting tho motor frame with 
the supporting frame. Selsyn units were used to indicate 
the movements of the motor frames to observers in the bal- 
ance house, in order that torque measurements could be 
made. The springs were calibrated for torque at the be- 
ginning and the end of the tests, and several friction 
calibrations were made during the tests. 

Inasmuch as the set-up was built for testing dual- 
rotating propellers, it was possible to locate single 
propellers either on the front shaft or on the rear shaft, 
thus providing two spinner-size conditions. It nay be 
noted from figure 1 that the front spinner was approxi- 
mately 23 inches in diameter, while the rear one was 28 
inches in diameter, 

Propellers . - Three propellers of different designs 
were tested. Propeller 3155-6 is the right-hand design 
used in the dual-rotating program. Propeller 1555-2 is 
of a design built for a Navy racing seaplane more than 12 
years ago. It was tested because it appeared to be of good 
aerodynamic shape with respect to the shank sections., pitch 
distribution, and plan form. It would not be considered 
structurally safe, as judged by our present standards. 
Both the 3155-6 and 1555-2 propellers have Clark-Y sec- 
tions. Propeller 6193A-3 is a new Hamilton Standard de- 
sign which incorporates the 3FAQA 16-serios sections over 
the outer 20 percent of the blades. (See reference 2 for 
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section data.) Although the chief purposes of those sec- 
tions is to delay the c oinpre s s ib il i ty burble, it was 
thought that tests at low speeds would "be of interest, 
particularly because some concern has "been expressed re- 
garding the take-off qualities of ths new sections. 

A photograph of the three propeller blades is given 
in figure 3, while the blade-form curves are given in 
figure 4. The table (p. 5) gives other pertinent infor- 
mation. 

Guffs . - Cuffs were designed for propeller 3155-6 for., 
use with the 23-inch spinner. Three basic designs were 
made; each design was for a specific high-speed blade set- 
ting (0 at 0.75R = 30°, 45°, 60°). .A sketch of the cuffs 
is given in figure 5. In designing the cuffs, it appeared 
that a reasonably well-shaped cuff could be obtained by- 
the use of two sections 15 inches apart, the outer section 
being the propeller section at the 2?-inch radius, while 
the inner was a symmetrical section located at the 12-inch 
radixxs. The base symmetrical section was of an arbitrary 
design intended to have a low drag coefficient and a high 
critical speed. It was approxinat ely 27 percent thick. 
In figure 6 is given the basic section outline together 
with its theoretical pressure distribution for Cj, values 
of 0.0 and 0.2. Although the basic section is not the ■ 
optimum as regards critical speed for a given fineness 
ratio, it is a good section in that it combines a fairly 
high critical speed with low drag at low speeds. The com- 
puted theoretical critical Mach number is approximately 
0.69 and 0.66 for Cj, values of 0.0 and 0.2, respective- 
ly. These critical Mach numbers correspond to approxi- 
mately 525 and 505 miles per hour, respectively, at sea 
level. 

In figure 7 are given the data used in obtaining the 
base section angle setting for each of the three designs. 
The blade section angle curves were first 'determined from 
the propeller drawings for the three design blade settings, 
using the chord lines as reference. The curves for sec- 
tion angles, measured from the section zero lift line, 
were then determined, using Clark Y. airfoil data given in 
figure 8. The zero-lino lift curves become indeterminate 
as they approach the zero radius stations, because these 
sections become cylinders; they have been arbitrarily 
faired into a 90° angle at the zero radius. The helical 
air angles were then computed for all stations, consider- 
ing the forward and rotational component velocities of 



Drawing number 



Kuriber 

of 
"blades 



Diameter ^Activity factor 
(per "blade) 



Section Spinner diameter 
used 
(in*) 



Han-Stand. 3155-6 3 10 

[Bureau Aero. 1555-2 2 8.4 
Han—Stand. 6193A-3 3 11.25 



89.7 Clark-Y 
91.3 (with cuffs) 



78.4 
S7.4 



Clark-Y 

b 01ark-Y 
HiCA 16 
series 



23 and 28 
23 

23 

•28 



"Activity factor = 



100000 
16 



1 o 



b/D (r/R) 3 d(r/E) 



o . a 



^Clark-Y section r/R fron 0.2 to C.71 

IACA 16-series section r/R " .8 " 1.0 
Transition » r/R " .71 » -8 



6 



each section* The difference "between the helical air 
angle and the zero-lift section anglie is equal to the sum 
of the angle of attack measured from' the zero-lift line 
and the inflow angle. In view of the uncertainty of the 
inflow angle, particularly for the propeller root sections, 
there is little point in trying to isolate it. The inflow 
angle is ordinarily roughly about half, the angle of attack. 
The cuff "base section at the, 12-inch station was set ap- 
proximately at angles of attack plus inflow angles of 5°, 
3°, and 3°, for the 30°, 45°, and 60° designs, respective- 
ly. ' The lift-coefficient for the ,cuff base section of the 
30° design would appear to he about the same as that for. 
the rest of the blade, but about half that for the outer 
parts of the blade for the 45° and 60° settings. This ef- 
fective wash-out of the cuff" for the higher blade-angle 
designs was introduced to ^minimize the loading on the cuff 
and consequently minimize the rotational losses, and also 
to obtain a high' critical speed. No account was taken of 
the induced velocities over the spinner. These would have 
the effect of reducing the angle of attack slightly. 

M e as ttromonts ," Tests were cbnduoted according to 
standard test procedure used for this tunnel. (See refer~ 
ence 1.) The tunnel speed ranged .from 0 to about 110 
miles per hour; the maximum propeller speed was about 550 
revolutions per minute, which corresponds to 287 feet per 
second rotational tip speed for a 10-foot diameter pro- 
peller. It is obvious from this that no compressibility 
effects could be measured. 

RESULTS AI7D DISCUSSION 



The measured values have' been reduced to the usual 
coefficients of thrust, power, propulsive efficiency, and 
speed-power. 

effective thrust 

C = ■■ '■ - ; 1 . ■ 



pn s D 4 



q _ engine power 
en 3 D 5 



and 
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n = 



uj V 

Op nl> 



s J. Pn^ 



\iriaore the effective thrust is the measured thrust of the 
propeller-body combination.'- plus the" drag of the "body 
measured separately, 

p . density 

D propeller diameter, feet 

1 air speed , f ps 

n propeller rotational speed, rps 

and P power 

In- figure 9 are sample characteristic curves drawn 
through the test points which give an indication of the 
accuracy of the data. 



The test. results are presented in the following fig- 



ures: 



P i gur e 



Test 



Propeller Number Diameter of 
drawing of spinner 
blades (in.) 



10 to 12 Spinner size 
13 to 16 Cuff 

17 to 19 Hacing propeller*'' 
(airfoil shanks) 



20 



Spinner, cuff, 
and shank shape 
comparisons 



21 to 25 HAG A 16-serios 
sections 



3155-5 
3155-6 
1555-2 



3155-6 
& 

1555-2 
6193A-3 



3 23 & 28 

. 3 23 

2 23 

2 & 3 23 "& 28 

3 28 
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Spinners . - Of the thre.£- methods for treating the 
shank problem, the use of largo' spinners is perhaps the 
most direct and the simplest, provided good lines can he 
obtained with the rest of the "body. Relatively large 
spinners can he used for certain applications with liquid 
cooled engines and special types of cowling designed for 
air-cooled radial engines. Large spinners, however, de- 
feat the purpose of extension shafts where the object is 
to reduce the body size and the wetted area. Unless 
cuffs are used, a balance should be struck between the 
drag produced by the poor blade shanks and the drag pro- 
duced by the large spinner and the shaft housing. 

Although the data obtained from these tests are 
limited to two spinner sizes, the results are considered 
to be of sufficient interest to warrant publication. It 
may be noted by referring to figures 10 to 12 and figure 
20 that the propeller when tested in the rear position 
with the 28-inch spinner absorbed slightly more power and 
produced more thrust at the higher blade settings than 
when tested in the front position with a 23-inch spinner. 
Tho efficiency was between 1 and 2 percent higher for the 
large spinner. There appears to be no ready explanation 
for the differences in poiver noted for the spinner condi- 
tions. The large spinner-propeller combination should 
produce slightly more thrust, however, and result in a 
higher efficiency than a smaller spinner-propeller com- 
bination, owing to the fact hat about 2~ inches of addi- 

2 

tional cylindrical shank are submerged within this largo 
spinner. 

Guffs..- The use of propeller cuffs in conjunction 
with a relatively small spinner offers a means for improv 
ing the propeller characteristics withotit necessitating 
the use of a large body. Propeller cuffs, however, have 
have never been shown to be an ideal soltition of the prob 
lem because they aro difficult to build and maintain, and 
no groat benefits have been demonstrated from their use, 
other than for ground cooling of radial engines. There 
seems to be little doubt, however, that cuffs will reduce 
the drag of exposed cylindrical propeller shanks, particu 
larly at speeds beyond the critical for those sections. 
In reference 3 the critical speed for circular cylinders 
is shown to occur at approximately 310 miles' per hour at 
sea level (M c = 0.4). At speeds beyond the critical the 
rate at which the drag increases is shown to bo much less 
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than for airfoils operating at- low angles of attack, which 
would indicate that the ■••greatest gain due to the use of 
cuffs would result from eliminating ' separation at the 
shanks and only a small -additional gain would result from 
eliminating compressibility effects. Recent unpublished 
data indicate, however, that the drag of 4-inch-diamcter 
cylinders is more affected by compressibility than the 
drag of the small ones, used for the tests reported in ref- 
erence 3. 

In figures 13 to 16 are presented the characteristic 
curves of a propeller tested with and without cuffs. It 
may "be noted that the cuffs added appreciably to the 
thrust and power of the propeller, particularly for the 
stall operating range. The cuffs apparently stalled at 
approximately the same angle as the rest of the "blade, 
since the peak of the thrust and power curves occurs at 
about the same Y/nD with and without the cuffs. The 
efficiency of the propellers increased 1 to 2 percent with 
the vise of cuffs. (See also fig. 20.) A greater diffor- 
-ence would be expected for high-speed airplanes. 

A rough analysis intended to determine an average 
lift coefficient of the cuff sections when operating at 
the peak propeller efficiency indicates that the cuffs 
designed for the 30° and 45° -bladc-angl e settings were op- 
erating at a lift coefficient of approximately 0.2. The 
0^ for the 60° blade angle was approximately 0.14. The 
average lift coefficient for the remainder of the blades 
was probably greater than 0,4, which indicates that the 
large increment of thrust attributed to the cuffs was 
due to the large area added. 

The effect of increasing or decreasing the angle of 
the base section of the cuff can be noted from the re- 
sults given .in figures 13 to 15. As previously noted, 
the throe cuffs were designed for three blade-angle set- 
tings, 30°, 45°, and 60o, measured at the three-fourths 
radius; each of these designs was tested at blade angles 
of 5° below the design condition, and 5° above the design 
condition. Since cuffs require more twist .for low blade- 
angle settings than for high ones, it is obvious that the 
cuffs, when tested at the reduced angles, 25°, 40°, and 
55° r were effectively washed out at the base section, 

approximately 2—°. Likewise, the. base sections were 

washed in approximately 2-i-° f or the 35°, 50°, and 65° 
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tests. The effect of either the wash-in or the wash-out 
is quite apparent in -the results. Por example, the thrust 
added by the cuff for the 40° "blade angle is appreciably 
less than for the design blade angle of 45°, and the 
thrust added "by the cuff for the 50° blade angle is about 
double the thrust added for the design blade angle of 45°. 
It is quite obvious from this that the angle setting for 
the cuff is very important, especially for cuffs of this 
design. 

If cuffs were designed for the highest possible crit- 
ical speed, a slightly lower angle of attach might be de- 
sirable than was present for these tests. An estimate of 
the angles' for .any desired condition may bo obtained by 
correlating the design curves given in figure 7 with the 
data obtained from the. t es ts . 

It is unfortunate that these cuffs wore not tested 
at speeds above 310 miles per hour because it is expected 
•that their effect on the efficiency would be greater a,t 
those sp&eds than was measured for these tests. There 
is no way at present of estimating the gain in efficiency 
above the critical speeds of any section, because wind- 
tunnel data are generally limited to speeds only slightly 
above the critical because the drag of cylinders increases 
S;0 rapidly at those speeds that it is not possible to ob- 
tain higher tunnel speeds. This was particularly true 
in the. case of recent high-speed tests with 4-inch cylin- 
ders. 

Propeller 1555-3 .- This propeller was designed for a 
racing airplane more than 12 years ago. It was tested, 
along \>rith two modern propellers, in this series of tests 
because it incorxjorated a good aerodynamic shape. This 
racing propeller was built with airfoil shanks extending 
to within the 23-inch-diameter spinner shell. The pitch- 
diameter ratio was about constant for a blade setting of 
30°.. ( SeG fig, 4(b).) At blade angles above 4§® the 
pitch-diameter ratio for the root section is quite exces- 
sive and, since these sections are fairly -fide and of good 
airfoil shape, the efficiency iirould be expected to suffer 
at high blade angles because of this. 

The good aerodynamic shape of this propeller resulted 
in a high efficiency for the blade settings for which it 
was designed, namely, between '20° and 40°. (See figs. 17 
to 19.) This propeller is several percent higher in effi- 
ciency than propeller 3155-6 in the Y/nD range up to 2.4 , 
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even when cuffs were added to 31-55-6. At higher values 
of Y/iiD propeller 1555-2 did not show up. so well, prob- 
ably because the shank sections, were "being loaded up too 
high. The high efficiency of propeller 1555-2 (over 90 
percent) is attributed chiefly to its relatively thin, 
well-shaped shanks, and partly to the plan form, which is 
also different from that of propeller 3155-6. Although 
the 1555-2 plan form may "be somextfhat superior to that of 
3155-6 from the efficiency standpoint, it should he noted 
that the latter is superior from the standpoint of ab- 
sorbing high power and consequently it may be preferable 
for high-output engines. The activity factor, which is 
an index of the power-absorbing qualities, is 78.4 for 
propeller 1555-2 as c ompared with 89.7 for propeller 
3155-6. 

Pro peller 6193A-3 .- Propeller • 6193A-3 was tested be- 
cause it embodied the NACA 16-series sections for the 
outer 20 percent of the blades. The 16-series sections . 
wore-, developed primarily to delay the compressibility 
burble (reference 2) and consequently are particularly 
ada'ptable to propellers which operate as closo to the 
speed of sotind as is practicable. Since compressibility 
effects could not bo measured in these tests, the chief 
interest was the behavior of the sections at low speeds 
and at operating conditions corresponding to the take-off 
and climb, for which wind-tunnel tests of airfoils are 
inconclusive. Results are given in figures 21 to 25, 
which include a C s design chart o,nd a comparison with 
propeller 3155-6. It may be noted that even at the low 
speeds of those to st s , propeller 6193A-3 was from 1 to 3 
percent more efficient than propeller 3155-6. It should, 
bo remembered, however, that these propellers are not 
strictly comparable because of differences in diameter 
and blade shape. Of particular interest" is the fact that 
propeller 6193A-3 exhibits no unusual stalling character* 
itstics. Consequently, if theso low-speed tests are in- 
dicative of the stalling properties at higher speeds, it 
appears that the 16-series section is at least the equal 
of- the Clark-Y from this standpoint. 



COITCLUDIHC- REMARKS 



Theso tests, which were confined to low tip speeds, 
indicate that : 

Of the three methods investigated for improving the 
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propeller characteristics by virtue of improving the shank 
shape, increasing the spinner size from 23 to 28 inches in 
diameter resulted in an improvement in efficiency of from' 
1 to 2 percent; installation of large-chord propeller 
cuffs improved the efficiency of the small propeller-spinner 
combination also 1 or 2 percent; while a propeller designed 
with good aerodynamic shanks was found to be several percent 
more efficient than the conventional round-shank propeller.. 
A propeller incorporating the NACA 16-sories sections over 
the outer 20 percent of the blade was found to have a 
slightly higher efficiency than a conventional propeller 
incorporating Clark-Y sections for the entire blade, even 
at low tip speeds. The take-off properties of the two pro- 
pellers appeared to be about equal. 

The differences noted between the various propeller- 
spinnor-cuff combinations would bo expected to bo greator 
than indicated in this report, if the effects of compressi- 
bility had been present; hence these results are all con- 
servative. 



Langley Memorial Aeronautical Laboratory, 
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Figure 1.- Plan view showing dimensional details of nacelle. 
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figure 2„™ Set-up showiag caff installation. 
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figure 3.- Propellers 1555-2, -3JL5II-6, aad 6193JU3. 
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FIGURE 4.- BLADE-FORM CURVES FOR PROPELLERS WITH AND WITHOUT CUFFS. D, DIAMETER} R, RADIUS TO THE TIPi r, STATION RADIUS r b, SECTION 

CHORD; h, SECTION THICKNESS) p, GEOMETRIC PITCH. 
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FIGURE 25.- INTERPOLATED CHARACTERISTICS CURVES OF PROPELLER S195A-3 SUPERPOSED OS CURVES OF 
PROPELLER S153-6. 
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FIGURE 10.- THRUST-COEFFICIENT CURVES FOR THREE -BLADE PROPELLER 3155-6 TESTED WITH TWO SPINNER SIZES. 
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FIGURE 12.- EFFICIENCY CURVES FOR THREE-BLADE PROPELLER 3155-6 TESTED WITH TWO SPINNER SIZES. 




: FIOOBE 11. -i POSER-COEFFICIENT CURVES FOR THREE -BLADE PROPEUER 315§-6 TESTED WITH TWO SPIMER SIZES. 
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FIGURE 13.- THRD8T-C0EFFICIFJIT CURVES FOR THREE-BLADE PROPELLER 3156-6 TESTED WITH AND WITHOUT CUFFS. ; "X j 
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FIGURE 16.- EFFICIENCY CURVES FOR THREE- BLADE PROPELLER 3166-6 TESTED WITH AND WITHOUT CUFFS. 
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FIGURE 14.- POWER-COEFFICIENT CURVES FOR THREE-BLAJE PROPELLER S1SB-6 TESTED WITH AHD WITHOUT CUFFS. 
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FIGURE 21.- THRUST-COEFFICIENT CURVES FOR THREE-BLADE PROPELLER 6193A-3. 
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FIGURE 23.- EFFICIENCY-CURVES FOR THREE -BLADE PROPELLER 6193A-3. 
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